the study surveyed wood chipping operations in order to determine the exposure of chipper operators to wood dust and suggest suitable countermeasures. the survey included both industrial and small-scale chipping operations, all located in Central Italy, on the apennine mountain range. During the survey, 60 samples were collected using standardized methods. for the purpose of the tests, each operator carried a wearable active sampler connected to a suction pump. When operators sat inside an enclosed cab, samples were also collected outside the cab in order to gauge the dust abatement effect of a protected work station. Exposure to dust varied widely with wood conditions and machine productivity, and only occasionally exceeded the 5 mg m -3 legal limit. Operators working inside a cab were three times less exposed than operators working outside, and they were never exposed to concentrations exceeding the legal limit. It is adviceable that people working full-time as chipper operators are positioned inside an enclosed cab, for limiting their exposure to wood dust. small-scale operators are generally part-timers, which further reduces their long-term exposure.
Since the first oil crisis in the 1970s, many governments have promoted the use of wood biomass as an effective substitute for conventional energy sources (Krausmann et al., 2008) . Substitution has become the more urgent in recent years, due to the increased global competition for the finite fossil resource and the need to mitigate climate change (Berndes et al., 2003) . Ambitious new targets have been set for biomass use, boosting the demand for wood fuel (Stupak et al., 2007) .
Chipping is an essential element of all modern energy wood chains because automated boilers only accept homogeneous fuel particles within specified size limits (Strehler, 2000) . Besides, chipping offers additional benefits in terms of increased load density and improved handling quality (Pottie and Guimier, 1985) . This explains the rapidly increasing popularity of mobile chippers, which allow size reduction directly in the forest or at the roadside landing, before transportation (Asikainen and Pulkkinen, 1998) . It is very likely that the chipping business will expand and a growing number of operators will be involved (Linden, 2011) .
Although it is already known that the working environment in logging operations can be very dusty (Mitchell, 2011) , very few studies have addressed wood dust exposure in the forest industry, possibly because of the relatively small number of operators working in this sector and for the difficulty of reaching them (Foà et al., 2008) . In fact, many of the epidemiological studies regarding the exposure to wood dust deal with the furniture industry, which employs many more workers and is much easier to reach (Alwis, 1998) . However, the risk is significant. The International Agency for Research on Cancer (IARC) has classified hardwood dust as a human carcinogen (IARC, 1995) , estimating that at least 2 million people worldwide are exposed to the noxious effect of wood dust. This can be defined as the solid airborne particles generated from the processing of wood raw materials. According to the dimension of component particles (ISO 7708: 1995) , wood dust can be distinguished into inhalable, thoracic, and respirable dust.
Determining the level of exposure to wood dust is extremely important because high exposure levels can trigger serious occupational diseases (Moscato et al., 2002) . The irritant effects of wood dust are well documented (Senear, 1933; Woods and Calnan, 1976; ILO, 1983 , Innocenti, 2008 . Respiratory, nasal, and eye symptoms are the most common effects reported by woodworkers (Holness et al., 1985; Li et al., 1990; Pisaniello et al., 1991; Shamssain, 1992; Liou et al., 1996) . However, not all studies agree, and a recent US study has shown fewer or no symptoms from typical exposures (Glindmeyer et al., 2008) .
Studies conducted in Italy have addressed the relationship between exposure to wood dust and skin pathologies (Innocenti and Del Monaco, 1980) , asthma and cancer of the paranasal sinuses (Pisati et al., 1982) . In any case, all Italian studies have concerned the woodworking industry, not the logging sector (Balsari et al., 1999; Scarselli et al., 2008) .
In 1999, the European Union promulgated Directive 38/1999 CE, setting the legal limit for the exposure to inhalable wood dust at 5 mg m -3 , based on an 8-h working day. This limit is defined as occupational exposure limit (OEL) and is valid for exposure to hardwood dust, or to any mix of hardwood and softwood dust. There is no legal limit for the exposure to pure softwood dust, which is not yet a legally recognized noxious substance. In Italy, the European Directive was implemented the following year, with the law D.Lgs 66/2000, later incorporated into the current law on work safety (D.Lgs 81/2008) . Therefore, the present legal limit in Italy is still 5 mg m -3
, based on a 8-h workday and referred to the inhalable fraction. However, symptoms to the upper respiratory system have also been reported for much lower exposure levels, starting from 1 mg m -3 (Foà et al., 2008) , which is also the recommended exposure limit according to the US National Institute for Occupational Safety and Health (NIOSH). Some European Countries have adopted a lower OEL than recommended by EU legislation: 3 mg m -3 in Germany and Slovenia, 2 mg m -3 in Sweden and 1 mg m -3 in France (Horvat et al., 2005) . Very few studies have attempted to determine the exposure of loggers to wood dust, and none has detected exposure levels above the 5 mg m -3 legal limit (Horvat et al., 2005; Poggi, 2011) . However, these studies focused on chainsaw operation, not on chipping. No published scientific studies have yet presented a systematic evaluation of the exposure levels characterizing wood chipping operations, although this information is crucial to assessing the risk for occupational disease. Without this information it is very difficult to develop sensible and effective prevention measures. Therefore, the goals of this study were (i) to determine the exposure to inhalable wood dust for chipper operators, (ii) to check whether exposure differed between industrial and small-scale operations, (iii) to gauge the possible reduction of exposure obtained by placing the operator inside an enclosed cab, as available on modern industrial chippers, (iv) to check for any correlations between exposure and other measurable operational factors, such as wood moisture content, air humidity, chipper productivity, mean chip length, and percent incidence of fine particles in the chip product.
MatErIals aND MEthODs
This study examined 28 commercial chipping operations in order to determine operator exposure to inhalable wood dust. Operations were divided into industrial and small-scale operations, the former based on powerful chippers (300-400 kW) fitted with an enclosed cab, and the latter on smaller machines (100-150 kW) without enclosed cab. Industrial operations included both truck-mounted and forwarder-mounted chippers, working at a landing and fed with a knuckleboom loader. The machine was steered by a single operator, sitting inside an enclosed cab with air conditioning. In most cases, the cab was mounted on the same prime mover as the chipper (Fig. 1) . Small-scale operations were equipped with tractor-powered and tractor-towed chippers, working at a landing and manually fed by a crew of two or three operators. Operators stood near the chipper infeed opening, to push logs inside it. In most instances, a loader was available for assisting with feeding. However, the loader was only used for moving the wood from the stacks to the edge of the infeed opening, where operators picked it up and pushed it in (Fig. 2) .
During the tests, chipper operators wore a SKC Button Sampler to collect the inhalable fraction of wood dust (Harper and Muller, 2002) . This active filter sampler has a porous curved-surface inlet designed to improve the capacity to collect inhalable dust, and at the same time to avoid access to oversize 'projectile' particles thrust toward the sampler (Davies et al., 1999; Harper et al., 2004; Lee et al. 2011) . Inclusion of these large particles would bias the sampling because they are too heavy for being inhaled with the respiration act (Kauffer et al., 2010) . Furthermore, this multiorificed inlet reduces sensitivity to wind direction and velocity (Kalatoor et al., 1995) . The SKC Button Sampler operates at a flow rate of 4 l min -1 . Therefore, the samplers used for the study were connected by transparent flexible pipes to Gilian 5000 portable pumps. All pumps were set to the right flow rate using a flow meter. Pump flow rate was checked with a portable flow meter at the beginning and at the end of each test, and re-calibrated if necessary. Pumps were fitted with a meter, to record the total air flow and the duration of the sampling session. Metered time was checked against the time records obtained with professional stopwatches. The portable pump was attached to the worker's belt and the sampler was placed to a distance of 10 cm from the operator's face, to the right or to the left depending on whether the operator was right-handed or left-handed.
Wood dust was collected on a glass fiber filter placed inside the sampler. Before the tests, filters were weighed in the laboratory with a precision scale accurate to the microgram, and placed into sealed boxes identified with code numbers. Right before starting each chipping test, a filter was carefully placed into the sampler using clean tweezers to avoid contamination.
At the end of the tests, filters were removed with the tweezers and placed back into their respective coded boxes. These were sent to the laboratory, where used filters were weighed again with the same precision scale used earlier for determining their original weights. Before weighing, filters were reconditioned to the initial temperature and humidity. To achieve the highest possible accuracy, the weight of the filters was corrected by the average weight of three field blanks. Finally, the concentration of wood dust was measured using the following formula:
where C is wood dust concentration in mg m -3 ; P 2 is weight of the filter after the test in mg; P 1 is weight of the filter before the test in mg; V is air volume in m 3 , calculated as V = T × F/1000, where T is the duration of the trial in minutes and F is the effective air flow in l min -1 . In the industrial operations, two sampling units were used: one was worn by the operator inside the cab, and the other was placed outside the cab near the place where the operator would station if the machine was not fitted with a cab. This was done in order to determine the protection offered by the cab. In the small-scale operations, all the operator involved in the chipping operation wore a sampling unit. Therefore, the experiment included three treatments: small-scale operation, industrial operation inside cab, industrial operation outside cab. The replicates per treatment were 22, 19, and 19, respectively.
The duration of each sampling session ranged between 3 and 8 h. At each worksite, dust monitoring was personally supervised by the researchers, who also checked the proper running of the pumps and the correct position of the devices. The researchers also determined machine productivity and utilization with suitable time studies (Magagnotti and Spinelli, 2012) . They also collected chip samples, in order to determine moisture content and particle size distribution, according to CEN/TS 15149-1:2006 'Solid biofuels: Methods for the determination of particle size distribution-Part 1: Oscillating screen method'. During each test, a portable weather station was used to record air temperature, air humidity, and air pressure. Data were statistically analyzed using Statview for Windows (SAS 1999) . Distribution histograms were drawn in order to check whether the distribution of experimental data met the normality assumption. When they did not, the analysis was conducted on the original data with nonparametric techniques, and with standard parametric techniques on normalized data after log transformation.
rEsults Table 1 shows the original data for wood dust concentration, as well as the basic descriptive statistics. The 5 mg m -3 legal limit was exceeded twice, only during industrial operations and outside the protected cab environment. On the other hand, about 50% of records obtained outside the protected cab environment exceeded the 1 mg m -3 limit advocated by some studies, and recommended by NIOSH in the USA (Demers et al., 1997) . About 90% of the records collected from inside a cab were well below the 1 mg m -3 limit. The analysis of variance indicated that treatment was a statistically significant factor (F = 8.9, P = 0.0004), explaining about one-quarter of the total variability. Differences between the mean values obtained for the three treatments were concurrently checked with a number of different tests, including Fisher PLSD, Scheffe, Tukey-Kramer, and Games-Howell. All tests agreed in indicating that there was no statistically significant difference between the small-scale and the industrial-outside cab treatment, whereas the difference between the industrial-inside cab treatment and the others was highly significant.
The effect of the cab was also tested using a paired t-test of the outside-inside data couples. Log-transformed data were tested with a standard paired t-test, whereas raw data were tested with the Wilcoxon signed rank and the paired sign tests. The difference resulted highly significant to all tests (P = <0.0001, 0.0004, and 0.0007, respectively).
Furthermore, the outside and inside dust concentrations were regressed, obtaining the graph in Figure 3 . The relationship was very strong, and explained 87% of the total variability. Apparently, the protective effect of the enclosed cab was conditional to dust concentration outside the cab. The abatement effect seemed to increase with outside dust concentration up to a certain level and then rapidly dropped, as if the cab was holding up to a certain concentration, beyond which it would give up. The in-cab reduction in concentration for the two highest values of outdoor dust concentration may not have been as large as might be expected, but with only two values it was not possible to draw conclusive inferences from these data.
Furthermore, work conditions were not the same for industrial and small-scale operations. Small-scale operations had a lower productivity, processed a higher proportion of hardwood (mostly sweet chestnut, i.e. Castanea sativa L.) and handled drier wood, compared with industrial operations (Table 2) . These were inherent characteristics of small-scale operations, who catered for small-scale residential heating plants and had to offer high-quality fuels, as those obtained from dry hardwood (Spinelli et al., 2011a) . Therefore, the comparison was not invalidated by the different work conditions, but it was rather reinforced by that. The study compared two systems, not two machine types. The concentration of wood dust outside the cab was significantly related to wood moisture content and operation productivity (Table 3) . As expected, it increased with productivity and decreased with wood moisture content. The equation in Table 3 explained about half the total variability, which we deemed acceptable given that exposure may be significantly affected by wind direction and operator position, both extremely variable and very difficult to control. In any case, all terms in the equation were highly significant. In fact, the coefficient of determination could have been increased significantly (R 2 = 0.65), by including the percent incidence of fines (i.e. particles passing through a 3.15-mm sieve hole) in the chips, as a third independent variable. However, we decided against inclusion for three specific reasons. First, the significance of this variable was borderline (P = 0.0572). Second, its inclusion would complicate the use of the regression equation for prediction purposes because it would require users to screen a chip sample, which is time consuming and may incur significant error. In contrast, productivity and moisture content are relatively easy to determine. Third, a relatively high coefficient of determination may engender a false sense of security in one's capacity to predict exposure, which is a very complex phenomenon and cannot be predicted with absolute accuracy. Our regression can only serve for general orientation, not for accurate estimates, and its simple formulation reinforces the point.
DIsCussION
The exposure values recorded in our study find a very good match in the figures reported by Alwis (1998) and Mitchell (2011) for chipping operations in Australia and the USA, respectively. The former reports a mean exposure of 1.9 mg m -3 , the latter indicates a mean exposure of 1.3 mg m -3 and a maximum exposure of 4 mg m -3 . However, both were preliminary studies, and Mitchell included in his calculation also soil dust lifted from machine traffic. In general, our mean exposure values are not radically different from those reported for the woodworking industry, although we cannot tell whether the particle size distribution is the same.
The quality of wood dust is an important factor, which could not be investigated in the study. At least part of the irritating effect of wood dust is exerted through endotoxins, not equally contained in all wood types (Määttä et al., 2006) . In fact, exposure to endotoxins is only weakly correlated with dust exposure (Rongo et al., 2004; Harper and Andrew, 2006) . Apparently, endotoxins could be more active in fresh wood than in dry wood (Mandryk et al., 2000) . Exposure to monoterpenes is also higher when processing freshly cut wood than dry wood (Demers et al., 2000) . Therefore, one will need to carefully assess whether it is advisable to chip fresh wood or dry wood: on one hand, the results of this study show that exposure is higher when chipping dry wood; on the other hand, previous studies indicate that toxicity could be stronger for fresh wood. Operational wisdom always favors the chipping of dry wood (Spinelli et al., 2011b) , and health considerations may concur to make this practice preferable.
For the same moisture content, industrial operations generate more wood dust than smallscale operations, due to the much larger amount of wood processed per unit time. Fortunately, the largest majority of industrial operators work in a cab, which offers substantial protection. However, our study showed that even a good cab cannot abate dust exposure below the 1 mg m -3 level, if the external dust concentration is Before that, it could be worth checking if the exposure limit is exceeded due to filter inadequacy or for the occasional sorties outside the cab, as required by inspection, maintenance, and planning duties. In the latter case, exposure could be reduced through simple hygienic measures, such as instructing the operators to leave their cabs only after the dust has settled. Very few operators are aware of the risks consequent to dust exposure, which is perceived as nothing more than a mild nuisance. In all cases, special attention should be paid to cab filter maintenance and timely replacement. Small-scale operators work outside a cab and are more exposed to wood dust. Even if no subject in the study was exposed to dust concentrations above the 5 mg m -3 legal limit, about half of them were exposed to concentrations higher than 1 mg m -3
. Fortunately, small-scale operators are all part-timers, who alternate chipping with other activities and use their chippers few hours per week (Spinelli and Hartsough, 2001) . In that case, their time-weighted average (TWA) exposure is lower than reported in this study, which is based on the actual observation time, i.e. the time spent on the chipping site by the operators (Björheden et al., 1995) . Further studies should determine a typical weekly schedule for small-scale chipper operators in order to calculate a reliable TWA.
CONClusIONs
None of the study operators was exposed to wood dust concentrations above the 5 mg m -3 legal limit. Higher potential exposure was measured in 2 cases out of 60, but in those cases the operator was working inside a protected cab, where dust concentration was much lower than outside, and within legal limits. However, this picture could soon be altered by a combination of decreasing permissible limits and increasing dust exposure. On one hand, many experts advocate a reduction of the current legal limit in order to increase operator comfort and offer further safeguard. On the other hand, there is a strong interest in increasing chipper productivity and decreasing wood moisture content before chipping in order to produce better and cheaper fuel. Unfortunately, both these actions may result in a marked increase of wood dust concentration, as shown in this study. Therefore, it is advisable that all industrial operators be placed inside protected cabs and that better dedicated cabs be developed. At the same time, further studies should provide more detail on the weekly schedule of part-time chipper operators in order to determine with more accuracy their TWA exposure. Finally, it could be worth looking into the possibilities for solving the problem at the origin, by developing better chipping technologies whose action may generate less wood dust than current technologies do.
